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In this work, a sustainable composite film was fabricated by incorporating a citric acid/betaine-based deep
eutectic solvent (DES) into a chitosan/tannic acid quantum dots (CS/TAQD) matrix. The addition of the DES
increased the interfacial bonding compatibility between CS and TAQDs, and thus the tensile strength and
elongation at break of the composite film were significantly improved. This composite film exhibited
excellent UV barrier capacity and antioxidant capacity with a 2,2-diphenyl-1-picrylhydrazyl free radical
scavenging ratio of 97.8%. It showed outstanding antibacterial performance against Staphylococcus
aureus and Escherichia coli, which indicates that it can be used for pork preservation. The total volatile
base nitrogen test demonstrated that the pork preservation by the CS/DES/TAQDs composite film
showed a lower TVB-N value than that of a commercialized polyethylene film. The pork shelf-life can be
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a natural environment, suggesting its great application potential in the food packaging field.

Conventional food packaging relies heavily on non-renewable petroleum-based plastics, resulting in serious environmental concerns. This work develops

a sustainable bioactive film using renewable chitosan and tannic acid, which exhibits excellent biodegradability and enhances food preservation. By extending
the shelf life of foods, this technology directly tackles food waste. From a sustainability perspective, this advancement aligns with UN SDG 12 (Responsible

Consumption and Production) by offering a green alternative to petroleum-based plastics and supports SDG 13 (Climate Action) by reducing the carbon

footprint associated with plastic waste.

1. Introduction

Growing environmental concerns and heightened food safety
requirements have accelerated the development of biodegrad-
able active packaging materials. Traditional petroleum-based
plastics offer excellent barrier properties but are non-biode-
gradable, posing significant long-term threats to the ecological
environment." Chitosan (CS)-based polysaccharide films have
gained considerable attention for their biodegradability, film-
forming ability, and intrinsic antibacterial properties. Pure CS
films have weak strength, high water sensitivity, and low anti-
oxidant activity, limiting their use in advanced food packaging.
To address these limitations, recent research has focused on
incorporating polyphenolic compounds, nanomaterials, and
green solvents into CS-based matrices to develop multifunc-
tional composite packaging materials.>™*
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Tannic acid (TA), a natural plant-derived polyphenol, is
a promising additive due to its multiple hydroxyl groups that
can form hydrogen bonds and cross-links with CS chains. As
a natural antibacterial and antioxidant agent, TA can signifi-
cantly enhance film performance when combined with the
antimicrobial properties of CS, resulting in excellent antioxi-
dant and antibacterial effects.*” For instance, Qiu et al. inte-
grated the antibacterial and antioxidant properties of both TA
and CS to develop a TA/CS—citric acid (TA/CS-CA) bio-based film
for effectively prolonging strawberry freshness at room
temperature.® The cross-linking interactions between TA and CS
contributed to a denser film structure, allowing for the slow and
controlled release of antibacterial agents. Hou et al. constructed
a zein/CS Janus film using a layer-by-layer casting method via
incorporating a Pickering emulsion co-loaded with TA and
cinnamon essential oil (CEO). This design enabled a sustained,
unidirectional release of antibacterials via quasi-Fickian diffu-
sion, achieving over 99% inhibition of key foodborne pathogens
and extending pork shelf life by six days.” Vargas et al. found
that the incorporation of TA facilitated the sustained release of
thyme extract polyphenols within the film, effectively delaying
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food oxidation and spoilage, and providing a new strategy for
the controlled release of natural antioxidants.*

When TA is polymerized or incorporated in a nano-
structured form, it can markedly improve the mechanical
strength, hydrophobic properties, and bioactivity of the film
material. Jiang et al. developed quaternized chitosan/TA
nanoparticles (QCs/TA NPs) by combining TA with QCs
through electrostatic interactions, which significantly
enhanced the overall properties of K-NP films. When applied
as a composite coating for banana preservation, it effectively
delayed ripening, suppressed browning, and slowed oxidative
deterioration." The hybridization of poly(tannic acid) (PTA)
with TiO, to form TP-NPs effectively reduced the bandgap,
enhanced visible light absorption, and improved the separa-
tion efficiency of photogenerated charge carriers. As a result,
the photocatalytic activity significantly increased the antibac-
terial ratio to 92%, maintained the desirable color and firm-
ness of kiwifruit and delayed ripening and decay.”” The CS-
gelatin composite films modified with light-responsive Cu-TA
NPs exhibited outstanding antibacterial, antioxidant, and
photothermal properties, which contributed to effectively
extending the shelf life of strawberries.*

Crosslinking agents are essential for upgrading natural
polymer-based films into functional packaging materials. By
constructing molecular networks, they effectively address key
limitations such as poor chemical resistance, low mechanical
stability, swelling, and inadequate barrier properties.> However,
conventional crosslinkers (e.g., diamines and halides) are often
toxic and incompatible with the principles of green chemistry,
highlighting the urgent need for eco-friendly alternatives. The
DESs, as sustainable green plasticizers, can establish hydrogen-
bonded networks with CS, thereby enhancing film flexibility
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and dynamic self-repair capacity. Furthermore, DESs can form
strong hydrogen bonds or electrostatic interactions with the
phenolic hydroxyl groups of polyphenols, effectively
“anchoring” the polyphenols within the chitosan matrix. This
anchoring restricts the migration of polyphenols, preventing
their initial burst release and thereby enabling a more sustained
and controllable release profile. As a non-aqueous or low-water-
content medium, a DES provides a chemically stable microen-
vironment for polyphenols, enabling them to retain higher
bioactivity upon final release. Such sustained-release behavior
ensures that polyphenols are continuously released during food
storage, maintaining an effective concentration within the
packaging, enhancing the antioxidant and antibacterial activi-
ties of the film, and extending the shelf life of food products.****
The incorporation of DES-tomato extracts into bioactive CS
films significantly improved thermal stability, UV-blocking
performance, and hydrophilicity. The modified composite films
exhibited an approximately 1.6-fold increase in radical scav-
enging efficiency and a 55.41% reduction in the decay ratio of
strawberries.’” The DES composed of CA and choline chloride
can form a dynamic hydrogen-bonding network with CS,
significantly improving the film's flexibility and self-healing
ability. This provided a promising strategy for the development
of smart packaging materials.*®

In this study, a sustainable bio-based CS/DES/TAQDs
composite film was developed by incorporating a DES
composed of CA and betaine, along with TAQDs, into a CS
matrix. This was the first study to report the incorporation of
TAQDs and DES into CS-based film systems. Although DESs
have been previously used as plasticizers or modification agents
for CS films, their application in simultaneously dispersing
TAQDs and anchoring polyphenols within a CS matrix has not
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Fig. 1 Preparation of TAQDs and the CS/DES/TAQDs composite film, and the properties of the CS/DES/TAQDs composite film and its appli-

cation in preservation of pork.
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been explored. This CS/DES/TAQDs ternary system offered key
advantages: (i) the DES promoted a denser film structure and
formed strong hydrogen bonds with the phenolic hydroxyl
groups of TAQDs, effectively anchoring them within the CS
matrix; (ii) this anchoring restricted the initial burst release of
polyphenols, enabling a more sustained and controllable
release profile; (iii) the microenvironment of the DES preserved
the bioactivity of TAQDs, resulting in enhanced and prolonged
antioxidant and antibacterial performance compared to
conventional TA/CS or other modified CS materials. This CS/
DES/TAQDs composite system aimed to serve as an active
packaging material for food preservation by harnessing the
synergistic effects of enhanced mechanical properties,
improved barrier properties, and elevated bioactivity. The
structural characteristics, antioxidant and antibacterial activi-
ties, and pork preservation performance of the DES/CS/TAQDs
films were systematically evaluated (Fig. 1). These findings offer
a promising and scalable strategy for the development of green,
efficient, and multifunctional food packaging materials,
addressing both environmental sustainability and meat safety
requirements.

2. Materials and methods
2.1 Materials

Chitosan (CS, (C¢H11NO,),, 500 000-1 000 000, and deacetylated
90%) was purchased from Shandong Luhai Lansheng Biotech-
nology Co., Ltd. Tannic acid (TA) was obtained from Shandong
Yousu Chemical Technology Co., Ltd. Betaine (CsH;,NO,) was
obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Citric acid (CA) monohydrate, sodium borohydride
(NaBH,), anhydrous potassium carbonate (K,COj;), hydro-
chloric acid (HCl), and anhydrous ethanol (CH;CH,OH) were
purchased from Xilong Science Co., Ltd. Boric acid (H3BOj3),
glacial acetic acid (HAc), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
anhydrous sodium carbonate (Na,CO;3), and anhydrous sodium
carbonate (Na,COj3) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Nutrient agar medium was purchased from
Qingdao Hope Bio-Technology Co., Ltd. Staphylococcus aureus
(S. aureus) and Escherichia coli (E. coli) were obtained from the
Second Affiliated Hospital of Fujian Medical University.

2.2 Preparation of the deep eutectic solvent (DES)

The DES was prepared following the procedure reported by Xia
et al. with slight modifications.'® Betaine and CA monohydrate
were mixed with a molar ratio of 1:4 and stirred in an oil bath
at 90 °C for 1.5 h until a transparent and viscous liquid was
obtained. Subsequently, 30% (w/w) ultrapure water was added,
and the mixture was continuously stirred for 0.5 h. The formed
transparent and homogeneous DES was cooled to ambient
temperature for use.

2.3 Preparation of tannic acid quantum dots

The TAQDs were prepared by one-pot synthesis. Specifically,
2.00 mL of 0.5 M NaBH, solution was introduced into 10.00 mL
of 3 mM TA solution under continuous stirring, and this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mixture was refluxed at 120 °C. After refluxing for 40 min, the
solution color changed from pale yellow to orange yellow, and
then turned to reddish-brown in about 2 h, suggesting the
formation of a brown TAQDs solution. The TAQDs dispersion
was subsequently freeze-dried to obtain a brown fluorescent
TAQDs powder, which was stored at room temperature for use.
The resulting TAQDs were used without further washing.

2.4 Preparation of composite films

2.4.1 Preparation of film-forming solution. The CS film-
forming solution (2%, w/v) was prepared by dispersing 2.00 g CS
powder into 0.2 M CA solution, followed by vigorous stirring at
room temperature for 1 h until a uniform and transparent CS
solution formed. Subsequently, varying amounts of DES solu-
tion (0, 0.10, 0.20, 0.30, 0.40 and 0.50 g) were incorporated into
15.00 g CS solution and completely homogenized. The resulting
film-forming solutions were labeled CS, CS/DES1, CS/DES2, CS/
DES3, CS/DES4, and CS/DES5.

2.4.2 Preparation of CS-based composite films. Composite
films were fabricated by the casting method. Specifically,
various amounts of TA powder (0.10, 0.11, 0.12, 0.13 and 0.14 g)
and TAQDs powder (0.10, 0.11, 0.12, 0.13 and 0.14 g) were
individually added to the CS/DES3 film-forming solution. Each
mixture was stirred until a transparent and homogeneous
solution was obtained, poured into 9-cm Petri dishes, and dried
at 50 °C for 24 h. These films were designated as CS/DES/TA1,
CS/DES/TA2, CS/DES/TA3, CS/DES/TA4, CS/DES/TA5, CS/DES/
TAQDs1, CS/DES/TAQDs2, CS/DES/TAQDs3, CS/DES/TAQDs4,
and CS/DES/TAQDsS5, respectively.

2.5 Characterization

2.5.1 Characterization of film structures. The TAQDs
microstructure was observed by high resolution transmission
electron microscopy (HRTEM, FEI Talos F200S) at 200 kV. The
surface and cross-section morphologies of the composite films
were analyzed via Scanning Electron Microscopy (SEM, Hitachi
S-4800). X-ray diffraction (XRD, D8 Advance, Bruker AXS Co.,
Ltd.) with Cu-Ka radiation (40 kv, 40 mA) was employed to
determine the crystalline structure of the films over a 26 range
of 10-80°. Fourier transform infrared (FTIR) spectra were
recorded on a Thermo Nicolet FTIR spectrometer. Thermogra-
vimetric analysis (TGA, METTLER TOLEDO TG-50/MT5) was
performed from 35 to 800 °C at a heating rate of 10 °C min ™"
under a nitrogen atmosphere to evaluate the thermal stability of
the films.

2.5.2 Mechanical properties. Rectangular specimens (20
mm x 70 mm) of the composite films were prepared to eval-
uate tensile strength (TS) and elongation at break (EB).
Measurements were performed using a universal testing
machine (LD24, Shenzhen Lanbo Sansi Materials Co. Ltd,
China) operated at a crosshead speed of 50 mm min . The
thickness of the films was measured at five different positions
using a digital micrometer (Sanliang, Japan, accuracy 0.001
mm), and the average thickness was used for calculations. All
tensile tests were conducted in quintuplicate, and the average
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values were reported. The TS was calculated according to the
following equation:
F
W x B

TS =

In this equation, F denotes the maximum load (N), W is the
width of the film and B is the thickness of the film.
The EB(%) was calculated using the following expression:

EB(%) — % % 100%

0
where L, indicates the gauge length (mm); L denotes the
distance between gauge marks at fracture (mm).

2.5.3 Water contact angle (WCA) and water solubility (WS).
Composite films were cut into 10 mm x 30 mm for the WCA
measurements using the sessile drop method on a JY-PHD tester
(Chengde Youte Testing Instrument Co., Ltd, China). A droplet
of ultrapure water was placed on the of film surface and
immediately photographed. The WS of the films was assessed
by dissolving 0.3 g film in 50 mL ultrapure water with contin-
uous stirring at 1000 rpm at room temperature. The time
required for complete dissolution was recorded. All measure-
ments were conducted in triplicate, and the mean values were
reported. The WS was calculated using the equation: WS = m/t,
(gs™)

2.5.4 The light transmittance. The light transmittance of
the films was recorded across a wavelength range of 200-800
nm using a UV-vis spectrometer (Model Specord S600, Analytik
Jena AG, Germany), with air employed as the baseline reference
for each measurement.

2.5.5 Antioxidant and antibacterial activities. The antioxi-
dant activity of the films was evaluated using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH’) radical scavenging test. The films were
dried to a constant mass at 50 °C, and 0.1 g film sample was
dissolved in 1.00 mL water to obtain film solution. The 0.10 mM
DPPH ethanol solution was added into film solution, vortex-
mixed and incubated in the dark at room temperature for 30
min. The mixture was centrifuged at 13 000 rpm for 20 min to
remove the flocculent precipitate, and the absorbance of the
supernatant was recorded at 517 nm. The ultrapure water in
place of the film solution served as the control. The DPPH"
scavenging activity was calculated as follows: DPPH" scavenging
activity (%) = [(4o — As)/Ao] X 100%, where A stands for the
absorbance, and subscripts 0 and s denote the control and
sample, respectively.

The antibacterial activity of film solution was evaluated
against S. aureus and E. coli using the agar plate count method.
Equal volumes of bacterial solution and film solution were
mixed thoroughly. Then, the 10 pL mixture was diluted with 290
uL physiological saline to obtain a bacterial concentration of 1
x 10°® CFU mL . Finally, the 20 uL treated bacteria suspension
was spread onto the agar plate and incubated at 37 °C for 18 h.
The bacterial suspension without film solution was used as the
blank. All experiments were conducted in triplicate, and the
results were analyzed via the bacterial survival ratio.

2.5.6 Biodegradability analysis of the films under envi-
ronmental conditions. To assess the biodegradation
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performance of CS/DES/TAQDs composite films, a soil-burial
test was conducted under natural conditions. Specimens of the
composite film and commercial PE film were buried side by side
in the same soil plot. The degradation of both films was
inspected and documented daily at the same time of day.

2.5.7 Application for pork preservation. The pork samples
were wrapped with the PE film, CS/TA3 film, CS/TAQDs3 film
and stored for one week. The mass was recorded every day to
estimate the storage quality. The mass loss percentage was
calculated as follows: mass loss ratio = (my, — my)/my x100%,
where m, stands for the initial mass, and m, represents the
mass stored for a specific time. Unwrapped pork was used as the
blank.

Total volatile basic nitrogen (TVB-N) was determined by the
micro-diffusion method in accordance with the National Food
Safety Standard (GB 5009.228-2016) to assess the storage quality
of pork samples. The pork was minced using a meat grinder,
and 20 g mince was dispersed in 100 mL water in a capped
conical flask. The suspension was left to stand for 30 min, and
then filtered. The filtrate was stored at 4 °C until analysis. The
H;BO; solution (1 mL, 20 g L™ ') and one drop of the mixed
indicator (1 g L' methyl red ethanol solution and 1 g L™*
bromocresol green ethanol solution, v/v =1: 5) were added into
the center of the diffusion dish. Water-soluble adhesive was
evenly applied to the edge of the diffusion dish. 1.0 mL of
filtrate and 1.0 mL saturated K,CO; solution were quickly
dispensed into the outer chamber, the frosted glass lid was
placed flat to seal, and the dish was gently rotated to thoroughly
mix the sample with K,COj;. It was incubated at 37 °C for 2 h and
then cooled to room temperature.

0.0100 M HCI and mixed indicator were used to titrate H;BO;
solution, and the endpoint was indicated by a purplish-red
color. Fresh pork was used as the blank for the TVB-N
determination.

The TVB-N was calculated according to the following
equation:

(Vlsz)XCX14

X =

x 100

where X is the TVB-N content with the unit of mg per 100 mL; V;
and V, are the volumes of the HCI standard titrant consumed by
the test solution and reagent blank, respectively; ¢ is the
concentration of HCI standard titration solution; 14 is the
molar mass of the N element; m is the weight of the pork
sample; V is the filtrate volume; V; is the total volume of sample
solution; 100 is the conversion coefficient. TVB-N in pork was
calculated as the arithmetic mean of two independent deter-
minations performed under repeatability conditions.

3. Results and discussion
3.1 Preparation of TAQDs and composite films

The TAQDs were prepared by one-pot synthesis. In the synthesis
of TAQDs, NaBH, played a subtle and multifaceted role. Upon
rapid hydrolysis in water, NaBH, generated a large quantity of
OH ions, creating a strongly alkaline environment. This alka-
line environment activated the phenolic hydroxyl groups of TA,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rendering them more susceptible to oxidation, thereby effi-
ciently initiating an oxidative self-polymerization reaction to
form polytannic acid (PTA) oligomers. Under sustained alkaline
conditions and reflux at elevated temperature, these PTA
nanoparticles underwent further dehydration, cyclization, and
partial carbonization, resulting in the formation of fluorescent
TAQDs. Concurrently, the reducing capability of NaBH, can
reduce partially over-oxidized intermediates, preventing the
complete oxidative degradation of TA. This dual action enabled
precise control over the degree of crosslinking and carboniza-
tion, ensuring the formation of structurally well-defined and
stable nanoparticles instead of amorphous precipitates.

TEM revealed that the TAQDs were uniform and well
dispersed, with an average particle diameter of 1.8 nm based
on statistical analysis of 200 particles (Fig. 2A and B). As shown
in Fig. 2C, the sharp peaks at 1708 cm™ ' and 1611 cm ™ were
associated with the carbonyl group C=O stretching from
aromatic esters of TA, and the peak at 1205 cm ™" was assigned
to the C-O stretching. The peak at 3600-3000 cm™ " corre-
sponds to the stretching vibration of O-H bonds from
phenolic hydroxyl groups. The C=0 stretching at 1611 cm ™"
was red-shifted to 1621 cm ™", and the stretching vibration of
O-H bonds was weakened, which indicated that TAQDs
formed through hydrogen bonding interaction.”* The
TAQDs displayed a broad absorption band at approximately
450 nm for the quantum confinement effects and emitted
bright cyan fluorescence at 525 nm under 468 nm excitation
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(Fig. 2D). The CS/DES/TAQDs composite film exhibited
uniformly transparent pale yellow under visible light and vivid
blue emission under 365 nm UV light, attributable to the
incorporated TAQDs powder (Fig. 2E and F). The observed
strong fluorescence in the film indicated its potential for
future application in intelligent packaging, including trace-
ability and anti-counterfeiting, although the fluorescent
properties of TAQDs were not utilized for anti-counterfeiting
and product labeling in this study.

3.2 Microstructural analysis of the films

The surface and cross-sectional SEM images of the CS, CS/DES,
CS/DES/TA, and CS/DES/TAQDs composite films are shown in
Fig. 3. As seen in Fig. 3A and B, the CS substrate exhibited fine
surface cracks and a relatively smooth cross-section. The cova-
lently crosslinked CS film was formed through a combination of
electrostatic interactions, hydrogen bonding, and hydrophobic
interactions between CS molecules and CA molecules, which
collectively improved the compatibility of the film's internal
components.”*?® After introducing the DES, the surface cracks
were markedly reduced, a highly wrinkled surface emerged, and
the cross-section displayed a distinct layered structure (Fig. 3C
and D). The emergence of surface wrinkles and a laminated
cross-section was attributed to DES-induced swelling of CS
chains, which facilitated the formation of a strong hydrogen-
bonding network within the CS matrix; this was consistent with
the cross-linking and plasticizing roles of the DES.">*
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(A) The TEM image of TAQDs, (B) size distribution analysis of the TAQDs from 200 random nanoparticles, (C) FTIR of TA and TAQDs, (D)

UV-vis absorbance spectra of TA and TAQDs, and the fluorescence spectra of TAQDs, the inset shows the photos of TAQDs solution under
visible light (a) and 365 nm UV light (b), (E) the image of the CS/DES/TAQDs composite film under visible light; the inset shows the photos of
TAQDs powder under visible light (c) and 365 nm UV light (d). (F) The image of the CS/DES/TAQDs3 composite film under 365 nm UV light.
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Fig. 3 SEM images of the surfaces of (A) CS, (C) CS/DES, (E) CS/DES/
TA and (G) CS/DES/TAQDs films, and the cross-sections of (B) CS, (D)
CS/DES, (F) CS/DES/TA and (H) CS/DES/TAQDs films.

Incorporation of TA, or TAQDs powder further diminished
surface cracking, yielding a denser film surface (Fig. 3E and J).
Compared with the CS/DES film, the CS/DES/TA film showed
a less pronounced lamellar structure in the cross-section
(Fig. 3F). By contrast, the cross-sections of the CS/DES/TAQDs
film became rougher with discernible particles, indicating
effective embedding of TAQDs within the CS/DES matrix (Fig. 3F
and H).

3.3 Optical, thermal, and mechanical properties of the films

Fig. 4A shows the color and appearance of CS and CS/DES-based
nanocomposite films. The CS, CS/DES, and CS/DES/TA films
were transparent. Upon the addition of TAQDs powder, the
films became pale-yellow yet remained transparent. The
underlying markings remained -clearly visible, indicating
excellent optical clarity. The UV-vis transmittance spectra
showed 0% transmittance between 200 and 330 nm. In the 330-
380 nm range, the transmittance gradually decreased with
increasing TA content, falling from 34.3% to 14.3%. Owing to
the UV-absorbing chromophores in TA, such as phenolic
hydroxyl and carbonyl groups, the CS/DES/TA film exhibited
outstanding UV-shielding performance.*®?° With the addition
of TAQDs powder, the transmittance decreased to 2.2% for the
CS/DES/TAQDs film, which is markedly lower than that of the
CS/DES/TA film and indicates superior UV-shielding perfor-
mance. On the one hand, the increased specific surface area of
TAQDs provided more active sites for UV absorption. On the
other hand, TAQDs significantly enhanced UV reflectance and
scattering, thereby reducing UV penetration through the film.
These results demonstrated that the incorporation of TAQDs
significantly strengthened the UV-shielding capability of the
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composite films, effectively preventing UV-induced discolor-
ation and nutrient loss in photosensitive foods (Fig. 4B and C).
As shown in Fig. 4D and E, the CS/TA and CS/TAQDs films
exhibited strong absorbance in the 300-400 nm range, indi-
cating excellent UV-blocking capabilities, which mitigated
photo-oxidation and light-induced damage and thus slowed
food oxidation and spoilage.

The optical properties of food packaging films can signifi-
cantly influence light transmittance, product display, and
marketing effectiveness. Table 1 revealed the thickness and
colorimetric parameters of CS and CS matrix nanocomposite
films. With the addition of TA and TAQDs, the film thickness
gradually increased, and the L* value decreased slightly, indi-
cating a modest reduction in brightness. The a* values for CS,
CS/DES, and CS/DES/TA films were —0.53, —0.33, and —0.52,
respectively, confirming a slight greenish cast. Upon incorpo-
ration of TAQDs, the b* value of the CS/DES/TAQDs rose to 7.59,
indicating a more pronounced yellow hue. This warm yellow
tone may enhance shelf appeal by drawing consumer attention.
The total color difference (AE) rose from 1.53 to 9.52, reflecting
a perceptible color shift and modest decline in transparency
due to absorption/scattering from TAQDs.

The XRD patterns of CS, CS/DES, CS/DES/TA, and CS/DES/
TAQDs film samples are shown in Fig. 5A. The broad diffraction
peak at 18.3° was attributed to the allomorphic crystalline
lattice of CS.*?* The diffraction peaks at 18.3° and 26.5°
decreased for the CS/DES film, whereas the characteristic CS
peaks nearly disappeared after the addition of TA or TAQDs. As
a low molecular-weight plasticizer, the DES can increase the
interchain spacing of CS and improve chain flexibility. Mean-
while, TA and TAQDs disrupt CS chain ordering, resulting in
reduced crystallinity.

The FTIR spectra of CS, CS/DES, CS/DES/TA, and CS/DES/
TAQDs films are shown in Fig. 5B. The bands at 1715 cm ™" and
1616 cm ™" were assigned to the C=0 stretching vibration of
COOH groups in tri-carboxylic acids and the C-O stretching
vibration.*®3® The bands at 1393 cm™" and 1200 cm ™" were
attributed to the symmetrical stretching vibration of COO-
groups and the stretching vibration of the C-O-C bond, and
they red shifted to 1400 cm™' and 1216 cm ™' in the CS/DES/
TAQDs film, suggesting intermolecular interactions between CS
with TAQDs.

Thermogravimetric analysis (TGA) was performed to eval-
uate the thermal stability of CS/TA and CS/TAQDs films
(Fig. 5C). All samples display a three-stage thermal degradation
profile. The first stage, occurring below 165 °C, was mainly
attributed to the evaporation of moisture. The second stage,
ranging from 250 °C to 390 °C, corresponded to deacetylation of
CS together with decomposition of the DES. The third stage,
between 550 °C and 700 °C, showed a comparatively slow mass
loss from oxidation of carbonized residues and further
decomposition of residual -NH, and -OH functionalities in the
composites. The CS/TAQDs composite film exhibited the high-
est thermal stability, as evidenced by delayed degradation
temperatures and a reduced mass-loss ratio. The TA is rich in
phenolic hydroxyl groups, while CS contains -NH, and -OH
groups along its molecular chains. These functional groups can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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different addition amounts of TA and TAQDs. (D and E) The UV-vis spectra of CS/DES/TA and CS/DES/TAQDs films.

Table 1 Thickness and surface color parameters of CS and CS-based nanocomposite films®

Film Thickness (mm) L* a* b* AE

cs 0.101 + 0.006° 24.58 + 0.04° —0.53 + 0.02¢ 0.64 + 0.01° 1.53 + 0.02°
CS/DES 0.130 + 0.004% 27.25 + 0.05° —0.33 + 0.01¢ 0.88 + 0.02¢ 3.97 £ 0.05°
CS/DES/TA 0.124 + 0.016% 24.09 + 0.02° —0.52 =+ 0.02¢ 1.61 + 0.01° 2.10 =+ 0.02¢
CS/DES/TAQDs 0.136 £ 0.011° 23.26 + 0.02¢ 0.56 % 0.02% 7.59 + 0.04° 7.96 + 0.06°

4 3¢ indicated statistically significant differences in film samples at different levels (P < 0.05).

form stronger intermolecular interactions such as hydrogen
bonding and electrostatic interactions, which densify the
molecular network, restrict chain mobility, and thereby retard
thermal decomposition.’”"**

The hydrophobicity of the CS/DES/TA and CS/DES/TAQDs
films was evaluated by WCA measurements (Fig. 5D). As the
concentrations of TA or TAQDs increased, the WCA values rose

© 2026 The Author(s). Published by the Royal Society of Chemistry

accordingly. This was attributed to the incorporation of TA and
TAQDs, which altered the microstructure and surface
morphology of the films, lowered the surface free energy and
hindered water penetration, resulting in an increase in surface
hydrophobicity. The CS/DES/TAQDs film exhibited the highest
hydrophobicity. The aromatic rings in TA functioned as
hydrophobic moieties that assemble into hydrophobic
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Fig. 5
DPPH"* scavenging rates of CS/DES/TA and CS/DES/TAQDs films.

microdomains within the film matrix, thereby decreasing
overall hydrophilicity. The formation of a denser three-dimen-
sional network reduced the effective pore size available for
water transport, further enhancing water resistance.*®** SEM
analysis also revealed that TAQDs incorporation generated
micro/nanoscale protrusions on the film surface, increasing
surface roughness and supporting the higher WCA. According
to the Wenzel and Cassie-Baxter models, such surface rough-
ness can trap air pockets and create a composite solid-air
interface, thereby increasing the apparent WCA and hydro-
phobic  behavior.*** Improved surface hydrophobicity
suppresses moisture ingress and migration, thereby prolonging
the shelf life of food products. The WS of CS/DES/TA and CS/
DES/TAQDs films progressively decreased with the increasing
TA and TAQDs contents (Fig. 5E). This was attributed to
a synergistic action of three mechanisms involving chemical
crosslinking, physical barrier formation, and the introduction
of hydrophobic groups, which collectively lowered the surface
free energy of the films.

The antioxidant capacity of food-preservation films is
pivotal, as it delays oxidation and spoilage, preserves nutritional
quality, prolongs shelf life, and safeguards food safety. The
antioxidant performance of CS/DES/TA and CS/DES/TAQDs
films was evaluated by DPPH" radical-scavenging assays
(Fig. 5F). The DPPH" scavenging ratio increased progressively
with higher TA and TAQDs loadings. The CS/DES/TA exhibited
the strongest antioxidant activity, with a scavenging ratio
reaching 97.93%. The CS/DES/TAQDs showed a slightly lower
value of 95.68%. This pronounced antioxidant behavior
primarily derives from the synergy between the polyphenolic
framework of TA and the polysaccharide matrix of CS. Phenolic-

Sustainable Food Technol.
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(A) XRD spectra and (B) FTIR spectra of CS, CS/DES, CS/DES/TA and CS/DES/TAQD:s films. (C) TGA curves, (D) WS curves, (E) WCA and (F)

OH can directly capture free radicals (such as "OH, O, , and
ROO") via hydrogen atom transfer or single electron transfer,
thereby interrupting the oxidative chain reaction.****** Under
acidic conditions, protonated -NH;" on CS engages in charge-
transfer interactions with the phenolic-OH of TA, which facili-
tates hydrogen donation from phenolic sites and enhances
scavenging efficiency. The hydrophobicity of CS/DES/TAQDs
was higher than that of CS/TA, and the surface area of TAQDs
was larger than that of TA molecules, leading to fewer interac-
tions with DPPH molecules and a lower DPPH scavenging ratio
than that of CS/TA. Overall, the CS/DES/TA and CS/DES/TAQDs
films all exhibited excellent antioxidant properties and high
research value for applications in food preservation.

As shown in Fig. 6, the incorporation of TA significantly
enhanced the mechanical properties of CS-based composite
films, with both TS and EB initially increasing and then
decreasing as the TA content increased. When the concentra-
tion of TA or TAQDs powder reached 7.4 mg mL ™', the film
exhibited the highest TS and maximum EB. Notably, the CS/
DES/TA film outperformed the CS/DES/TAQDs film in stress—
strain performance. The CS/DES/TA3 film achieved a TS of 7.19
MPa and an EB of 72%, significantly higher than those of CS/
DES/TAQDS3.

The phenolic-OH in TA molecules can interact with the -NH,
of CS through hydrogen bonding and electrostatic interactions,
forming a dynamic cross-linked network. This network effec-
tively restricted CS chain mobility, thereby improving the film
rigidity and toughness, and enhancing both TS and EB.
However, excessive TA can lead to molecular self-aggregation
and local agglomerates, which disrupt network uniformity and
impeded chain mobility, ultimately degrading mechanical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The strain—stress diagram of CS/DES/TA (A) and CS/DES/TAQDs (B) films; the TS and E curve diagram of CS/DES/TA (C) and CS/DES/

TAQDs (D) films with different addition amounts of TA and TAQDs pow:

performance.*** By contrast, TAQDs, due to their relatively
large particle size, interacted with CS primarily at the surface or
in localized regions, resulting in a smaller interfacial bonding
area and limited reinforcement effect."

3.4 Antibacterial activity and biodegradability analysis of the
films

As shown in Fig. 7, the antibacterial performance of the
composite films was assessed using flat plate coating assays.
Compared to the CS, CS/DES3, CS/DES/TA3 and CS/DES/

Fig. 7 Flat plate coating results of E. coli and S. aureus.

© 2026 The Author(s). Published by the Royal Society of Chemistry

der.

TAQDs3 films, the CS/DES/TAQDs3 film demonstrated superior
antibacterial performance against S. aureus (99.41%) and (E. coli
95.78%) (Table 2). The CS combined with the DES and TA
formed an “electrostatic adsorption network”, -effectively
enhancing the adsorption and immobilization of negatively
charged microorganisms. TA, a natural polyphenolic compound
with broad-spectrum antibacterial activity, can insert into the
lipid bilayer of the cell membrane through hydrophobic inter-
actions, increasing membrane permeability and disrupting the
bacterial membrane structure. Additionally, it mitigated

CS/DES/TA

CS/DES/TAQDs
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Table 2 Colony reduction rate of CS, CS/DES3, CS/DES/TA3, and CS/DES/TAQDs3 against E. coli and S. aureus
Blank CS CS/DES CS/DES/TA CS/DES/TAQDs

E. coli Colony count 569 161 123 42 24

Colony reduction rate/% — 71.10 78.38 92.62 95.78
S. aureus Colony count 677 67 24 21 4

Colony reduction rate/% — 90.10 96.01 96.90 99.41
oxidative stress by scavenging free radicals generated by H,O, and inorganic salts, yielding high environmental

bacteria, thereby inhibiting bacterial proliferation.**

The TAQDs, acting as functional nanofillers, were embedded
within the CS matrix to create a nanoscale porous network and
high-density antibacterial sites, promoting the directional
diffusion of antibacterial agents. Upon bacterial contact with
the film surface, the pathogens were instantly surrounded by
multiple TAQDs, increasing the likelihood of phenolic-OH
attack on the bacterial membrane by more than tenfold.*® The
TAQDs enable the sustained release of TA, prolonging anti-
bacterial efficacy and overcoming the rapid diffusion and short-
lived activity typically associated with free TA.

As shown in Fig. 8, the degradation behaviors of a commer-
cial PE cling film and CS/DES/TA3 and CS/DES/TAQDs3 films
were evaluated under natural environmental conditions. The
CS/DES/TA3 and CS/DES/TAQDs3 films completely decomposed
within 7 days, which was driven by a synergistic action of
chemical oxidation, hydrolysis, and microbial enzymatic
activity. These composited films were bio-based and environ-
mentally friendly. As bio-based and environmentally benign
materials, these composite films readily break down when
exposed to sunlight (UV radiation), moisture, wind, and
ambient microorganisms.

In the initial stage, environmental moisture infiltrated the
film and induced swelling, which initiated hydrolysis of CS
chains and photo-oxidation of TA, progressively disrupting the
internal network. In the intermediate stage, microorganisms
colonized the film surface and secreted enzymes, gradually
degrading CS and TA into small molecular intermediates. In the
final stage, these intermediates were fully mineralized to CO,,

0 day

1 day

compatibility. By contrast, traditional petroleum-based cling
films, composed of long-chain synthetic polymers, were highly
resistant to degradation under natural conditions. Overall, the
CS/DES/TA3 and CS/DES/TAQDs3 composite films exhibited
outstanding biodegradability and represented a promising
alternative to conventional plastic films.

3.5 Application for pork preservation

The preservation performance of a commercial PE cling film
and CS/DES/TA3 and CS/DES/TAQDs3 composite films was
evaluated by storing pork samples for 7 days (Fig. 9A). Sensory
observations indicated that signs of spoilage and the emergence
of unpleasant odors first appeared on day 4 in the blank and the
group wrapped with the commercial PE cling film. The pork
samples wrapped with the composite films did not exhibit
noticeable spoilage odors until day 6. By day 7, the pork in the
blank and PE groups exhibited overt spoilage, accompanied by
fluid exudation and a pronounced putrid smell. Although fluid
exudation was also observed in the samples preserved with the
composite films, the odor intensity was markedly lower. The
unpleasant odor primarily arises from volatile amines and
sulfur compounds produced by microbial metabolism, along
with aldehydes and ketones generated from lipid oxidation. TA
can effectively scavenge free radicals formed during lipid
oxidation, thereby delaying rancidity and suppressing odor
development.

As shown in Fig. 9B, the pork in the blank group exhibited
the highest weight loss during storage. The pork wrapped with

3 day S day

Fig.8 The biodegradation performance of the PE cling film and CS/DES/TA3 and CS/DES/TAQDs3 composite films under natural environmental

conditions.
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the commercial PE cling film showed the least weight loss,
followed by the CS/DES/TA3 and CS/DES/TAQDs3 groups with
only a minimal difference. Fig. 9C reveals that the TVB-N
content increased progressively with storage time. By day 7, the
TVB-N levels ranked as follows: blank > commercial PE cling
film > CS/DES/TA3 > CS/DES/TAQDs3. Notably, all three
composite film groups exhibited significantly lower TVB-N
levels than the blank and commercial PE cling film groups.
According to national food safety standards (maximum allow-
able TVB-N for meat products =15 mg/100 mL), the pork
wrapped with CS/DES/TAQDs3 films remained within the
acceptable range throughout storage, indicating the effective-
ness of the films in retaining meat freshness.

The commercial PE cling film relied solely on the physical
barrier, had poor breathability, and lacked intrinsic antibacte-
rial functionality. Although it can effectively block external
microbial contamination, moisture and volatile amine gener-
ated by pork metabolism tend to accumulate inside the
package. This created a high-humidity nutrient-rich microen-
vironment that accelerated rapid bacterial proliferation. By
contrast, the composite films can modulate their microporous
structure via intermolecular cross-linking, thereby forming
selectively permeable films. These films not only prevented the
ingress of external microorganisms but also allowed the gradual
release of water vapor and metabolic gases, helping to maintain
a low-humidity internal environment. With dual antibacterial

© 2026 The Author(s). Published by the Royal Society of Chemistry

and antioxidant functionalities, combined with the sustained-
release behavior of embedded TAQDs and improved breath-
ability, the composite films effectively reduced surface moisture
loss, significantly delayed spoilage, and preserved the freshness
and tenderness of the pork.

4. Conclusions

A sustainable and biodegradable CS/DES/TAQDs composite
film was successfully fabricated using a DES-assisted method.
The DES promoted the formation of hydrogen bonds and elec-
trostatic interactions between CS and TAQDs, thereby
enhancing the internal network structure of the composite film.
This compact network structure effectively distributed stress,
improving the film's tensile strength and flexibility. The pres-
ence of TAQDs generated micro/nano-scale protrusions on the
film surface, increasing the WCA and enhancing water resis-
tance. Rich in phenolic-OH groups, TAQDs endowed the film
with strong antioxidant and antibacterial properties, achieving
inhibition ratios of 99.41% against S. aureus and 95.78%
against E. coli, respectively. The film degraded completely
within 7 days under natural conditions, confirming excellent
biodegradability. Applied to pork packaging, the film effectively
suppressed microbial growth and extended shelf life by two
days compared to the commercial PE film. These results high-
light its significant potential for food preservation applications.
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